abstract. Popularity of long-distance running has increased as well as number of female and male marathon runners. Whilst research into physiological characteristics of endurance trained athletes has significantly increased there are only few studies on the risk factors for respiratory failure in marathon runners. Therefore, the aim of the study was to evaluate the differences in respiratory function and the physiological strain in the response to exercise stress in marathon runners. Twenty three subjects (aged 36.1 ±11.6 years) participated in a marathon running. Prior to the run and after its completion, body mass and composition, spirometry and body temperature were measured. Based on pre-and post-run temperature and changes in heart rate, the physiological strain index (PSI) was calculated. Long-distance running significantly decreased the temperature of body surfaces (p < 0.05); no significant effects were observed regarding aural canal temperature and physiological strain index (PSI). Compared to resting values, post-marathon spirometry revealed a significant decrease in post-marathon forced expiratory volume (p < 0.05), peak expiratory flow (p < 0.05) and maximal expiratory flow values (p < 0.05). In conclusion, the long-distance running results in functional changes within the respiratory system which may limit the adaptive potential and decrease exercise tolerance.
Introduction
Functional adaptations of the respiratory system during endurance exercise is important for increased gas exchange in the lungs. Balance between muscle oxygen uptake (VO 2 ) and carbon dioxide removal (VCO 2 ) depends on the adaptation of alveolar ventilation to lung perfusion as well as on changes in blood flow distribution. It has been shown that a decrease in physical performance of long-distance runners might be related to the limitation of respiratory tract adaptive capacity, an increase in physiological strain including the cardiovascular system and thermoregulatory processes (Vogiatzis et al., 2007; Hölmich et al., 1998) .
The results of previous investigations emphasize the role of the respiratory system as well as nervous and hormonal mechanisms in the regulation of local blood flow and, consequently, in the reduction of oxygen transport to the locomotor muscles. In long-lasting physical activity, arterial O 2 content (CaO 2 ) and/or lower extremity blood flow (Q L ) may reduce competitor's aerobic capacity (Amann, 2012; Moran et al., 1998) . Reduction in arterial oxygen saturation (SaO 2 ) observed during strenuous exercise can be associated or non-associated with the function of the respiratory system. If it is, metabolic factors and thermal stress play a significant role. Arterial hypoxemia induced by decreased oxygen diffusion and a decrease in cardiac output (CO) resulting from increases in intrathoracic pressure are considered mechanisms associated with respiratory system function during long-lasting endurance exercise (Peters, Bateman, 1983; Neilan et al., 2006) . Additionally, increased energy expenditure required by the respiratory muscles during exercise causes stimulation of metabolic receptors, which -due to adrenergic stimulation -decreases the peripheral blood flow. A lot of indices have been proposed to determine physiological strain accompanying muscular activity. Moran et al. (1998) suggested that the Physiological Strain Index (PSI) which reflects the combined burden on the thermoregulatory and cardiovascular systems may be important factor in determining the physiological responses and overreaching symptoms in athletes.
Long-distance running become a more and more popular sport discipline; marathons and ultra-marathons attract an increasing number of participants. Hence, a number of investigations have been undertaken to determine physiological responses and risk factors for health problems in marathon runners (Predel, 2014; Zilinski et al., 2015) .
In the light of the above-mentioned observations it seems important to examine differences in respiratory function and the physiological strain during the marathon running.
Material and methods
The study comprised 23 individuals (8 women and 15 men) aged 36.1 ±11.6 years who participated in the VII Marathon Festival organized in autumn 2014 by the Jerzy Kukuczka Academy of Physical Education in Katowice. The inclusion criteria were satisfactory results of the physical examination, participation in at least two marathons and written consent to take part in the study. During the run and immediately after finishing, the participants were under medical supervision. The study protocol was approved by the Ethics Committee of the Academy of Physical Education in Katowice, Poland, and conformed to the ethical standards (Kruk, 2013) .
Prior to the run and after its completion, body mass and composition of all participants were estimated using bioelectrical impedance analysis (Tanita BC-418MA Analyzer). Body height was measured and fat mass (FAT), fat-free mass (FFM), total body water (TBW) and body mass index (BMI) were calculated. The study subjects' data are presented in Table 1 .
All participants underwent spirometry testing to determine vital capacity (VC), forced vital capacity (FVC), and forced expiratory volume in one second (FEV1). FEV1/FVC ratio, peak expiratory flow (PEF) and maximal expiratory flow at 25%, 50% and 75% of the FVC were all calculated.
All examinations were carried out according to the recommendations for the performance of spirometry (Stanojevic et al., 2008; Boros et al., 2004 ) with a portable spirometer (Pony-FX desk spirometer, Cosmed). Prior to the run and within 20 minutes after its completion, arterial oxygen saturation (SaO 2; Pulse Oximeter, ChoiceMMed) and blood pressure BP (semi-automatic blood pressure monitor M1 Compact, Omron) were measured, and heart rate was registered (HR; Sportester Polar FT1).
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Aural canal temperature (T ty ) was measured with a ThermoScan, thermometer (Type 6201, BRAUN) at baseline (T ty0 ) and within 15 minutes after run completion (T tyT ). Body temperature was also taken of exposed body surfaces (ET) and covered body surfaces (CT) (RayTemp® 6 Infrared Thermometer, MERA). Based on pre-and post-run temperature and changes in heart rate (HR 0 vs. HR T ), the physiological strain index (PSI) was calculated using the following formula (Frank et al. 1996) :
The obtained data were subject to statistical analysis using Statistica Software version 10 (StatSoft Poland, 10.0). Descriptive statistics were used to summarize data and the significance of differences between the means was tested (Wilcoxon test). The results of the analyses were presented as means and standard deviations (means, SD). The significance level was set at p < 0.05.
Results
Significant differences were found between female and male marathon runners regarding body height (172 ±3.5 vs. 184 ±3.8 m; p < 0.01), body mass index (19.9 ±1.5 vs. 21.2 ±1.8 kg/m 2 ; p < 0.05) and percent of body fat content (13.2 ±2.4 vs. 8.8 ±1.5%; p < 0.01). The mean marathon time was 3.48 ±0.35 hours. A comparison of somatic parameters confirmed a significant post-marathon decrease in body weight and fat mass compared to premarathon values (Table 1) . High energy expenditure resulted in thermoregulatory changes manifested by a decrease in the temperature of covered (CT) p < 0.01 and exposed body surfaces (ET) p < 0.05); no significant differences were observed regarding aural canal temperature (T ty ). The level of physiological strain index (PSI) was 2.2 ±0.7. PSI reflects combined cardiovascular and thermoregulatory strain on a universal scale of 0 to 10. Lower value and no significant PSI increase during a 15-minute post-marathon recovery period indicating good adaptation of the study participants to the marathon distance. Heart rate was higher and blood pressure (BPs and BPd) was significantly lower in 15 minutes recovery period compared baseline levels. There were no significant differences in SaO 2 before and after marathon running (Table 2) Tty -aural canal temperature; ET -temperature of exposed body surfaces; CT -temperature of covered body surfaces; HR -heart rate; BPs -systolic blood pressure; BPd -diastolic blood pressure; SaO 2 -arterial oxygen saturation.
Compared to resting values, post-marathon spirometry revealed a significant decrease in post-marathon FVC (FVC% 83.5 ±15.2 vs 73.4 ±22.3; p < 0.05); forced expiratory volume in one second FEV1/FVC% (91.5 ±5.0 vs 80.1 ±18.1; p < 0.05) and peak expiratory flow (PEF 7.0 ±2.3 vs 5.0 ±2.3 p < 0.05). Maximal expiratory flow (MEF 75%) was significantly reduced; MEF50% and MEF25% also showed a decreasing tendency. 
Discussion
Breathing involves integrated actions of the respiratory and cardiovascular systems. Synchrony between the cardiovascular and respiratory systems allows regulation of pulmonary blood flow. Hence, gas exchange between the air within the alveoli and the pulmonary capillaries is maintained depending on the demand for oxygen by the cells in a tissue. The function of the respiratory system alters markedly during high-intensity endurance exercise (Dempsey et al., 2012; Stickland et al., 2004) . These adaptive changes result in deepened respirations and more forced airflow through air passages. Efficient respiration is associated with an improvement in cardiovascular Vol. 13, No. 1/2016
Long-distance Running and its Effects on Cardiorespiratory Adaptation and Physiological Strain in Marathon Runners reserve capacity. This, in turn, helps increase oxygen uptake and carbon dioxide elimination according to the metabolic rate; constant levels of respiratory gases in the blood help maintain homeostasis (Green et al., 2012; Harms et al., 1997; Frank et al., 1998) . The observed disturbances in physiological adaptation as well as the potential impact of environmental factors on oxygen pressure in alveolar air increase the risk of respiratory failure and may lead to serious health problems.
We evaluated lung function and adaptive changes in the respiratory and cardiovascular systems with respect to the physiological strain associated with long-distance running. FEV1, as well as forced and mean expiratory flow decreased after the run compared to resting values. Hypoxia and cardiovascular complications were not observed. The effort might have caused transient airflow obstruction in the respiratory tract; the diminished strength of the expiratory muscles might have resulted from respiratory muscle fatigue (Mahler, Loke, 1981) . Mahler, Loke, (1981) and Dempsey, Hanson, Henderson, (1984) also observed significant decreases in FVC, FEV1 and PEF after an ultramarathon and believed they resulted from impaired efficiency of the upper respiratory tract and respiratory muscle fatigue. Hypoxemia induced by lowered SaO 2 also had a significant effect on aerobic efficiency of the long-distance runners.
In healthy individuals, pulmonary ventilation and pulmonary blood flow are subjects to dynamic changes; thus, the levels of respiratory gases in the blood remain constant, i.e., systemic arterial blood has an average oxygen tension (PaO 2 ) of approximately 95 mm Hg while the partial alveolar pressure of CO 2 (PACO 2 ) is normally 40 mmHg. Impairments of respiratory homeostasis caused by, for example, hypoxia or hypercapnia, may have deleterious effects, and especially on metabolically active cells with highly oxidative metabolism including neurons of the central nervous system, heart and kidney cells (Vogiatzis et al., 2007; Dempsey et al., 2012; Roberts, Maron, 2005) . Increased breathing rate promotes heat loss associated with evaporation of water from the alveoli and respiratory passages (Hölmich et al., 1988; Amann, 2012) . It is important to note, that insufficient heat loss results in an increase in physiological strain including the thermoregulatory and cardiorespiratory system (Pilch et al., 2014) . Physiological Strain Index (PSI) based upon heart rate and body temperature measurements, allowing the instantaneous assessment of overall physiological strain on a scale of 0-10. Predictions of physiological strain may be important in determining physiological endurance and in protecting athletes against exercised induced thermal stressors (Moran et al., 1998; Pokora, Żebrowska, 2016) . Physiological Strain Index calculated in our study reflects low cardiovascular strain (PSI 2.2 ±0.7). Lower value and no significant PSI increase during a 15-minute postmarathon recovery period indicating good adaptation of the study participants to the marathon distance. Despite differences in morphological characteristics and cardiac function there was only a slight effect on PSI. However, the contribution of the respiratory system differed significantly could potentially impair endurance performance and consequently impacting negatively on running economy.
Respiration during muscular work is known to be regulated by neural and humoral factors. Changes in hydrogen ion concentration, oxygen and carbon dioxide pressures affect respiration -either directly via central control of ventilation (chemosensitive areas, pre-Bötzinger complex) or indirectly, i.e., through activation of the chemoreceptor reflex. The activity in the pre-Bötzinger complex can be modified by impulses from metabolic receptors in the muscles. The receptors are activated through changes in chemical composition of the interstitial fluid in the muscles caused by increased energy metabolism during muscle contraction.
According to previous investigations, several factors might be responsible for disturbances in functional adaptation of the respiratory system to long-lasting physical effort, and among them: 1) contraction of the bronchial
